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SECTION 1.0 

INTRODUCTION 

Agricultural residues are a potentially large source of renewable biomass energy.* 
However, transportation and collection costs are high and most existing conversion 
equipment is not suited for these feedstocks without extensive plant modifications. 
Wood waste fuels generated in central locations are often a disposal problem and merit 
complete conversion plant replacement or duplication to serve the  double purpose of 
waste disposal and energy self-sufficiency. Except for residues generated at processing 
plants (i.e., cotton gin millings, rice hulls, peach pits, etc.) most agricultural residues are 
incorporated in the soil for soil-loss control and soil-fertility maintenance. Crop residues 
left in the field must be sufficiently valuable as a fuel to justify their collection, trans- 
portation, and conversion. One of the most available conversion alternatives in terms of 
economic and technical feasibility is direct combustion. Literally dozens of furnace and 
boiler manufacturers sell equipment suitable for burning crop residues. 

Despite many successful direct combustion applications in the forest products industry, 
agricultural crop residues remain largely unused for energy purposes.** Although a 
structured delivery system for agricultural crop residues does not exist at present, 
transportation systems and futures markets are well established for food commodities 
and could easily be extended to incorporate biomass energy feedstocks. Because crop 
residues are generated in exactly the same places as food crops, transportation systems 
could be modified easily to handle residues if they were sufficiently valuable. Pollution 
control regulations appear to have an overriding impact on all types of waste  fuel 
applications. This is particularly true for all direct-combustion systems. Although most 
biomass has low sulfur content, particulate emissions can be difficult to control when 
moisture content and particle size of the fuel vary widely. Most equipment designs have 
been unable to meet emissions standards. 

This report examines three direct combustion applications: on-farm grain drying, grain 
drying at a grain elevator, and using crop residues to fire utility boilers. The examina- 
tion of grain drying is limited to systems descriptions, considerations for drying e q u i p  
ment selection, and costs of three residue-fired systems currently available. The 
examination of utility applications is limited to existing spreader stoker boilers. A few 
principles of combustion are presented in Appendix A as a background for pollution- 
control regulations and how they pertain to equipment design and modifications required 
to  burn crop residues. Because the  combustion characteristics and emissions from crop 
residues have not been thoroughly studied, many parallels are drawn between wood-waste 
systems and practices currently in use. Appendix B outlines some pollution-control 
regulations that pertain to solid fuel boilers and devices commonly used to  control 
emissions. 

Section 2.0 details the costs of residue-fired grain drying systems, including the costs of 
residue harvesting alternative uses for residues, transportation costs, and equipment 
capital and fuel costs. Section 3.0 reviews several cost studies of crop residues used in 
utility applications. 

*Agricultural crop residues are defined here as that part of any crop that would not be 
harvested given the  normal operations of an operating farm. 

**Crop residues have been put to few alternative uses because their value in these uses has 
not been greater than their nutritive value when put back into the soil. 
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SECTION 2.0 

RESIDUE-FIRED GRAIN DRYING SYSTEMS 

2.1 INTRODUCTION 

In the past three decades, corn harvesting techniques have changed from harvesting and 
drying the corn on the cob to infield shelling of the corn. This change occurred because 
grain flows easily and shelled corn is less dense, therefore requiring smaller storage and 
transportation equipment than ear corn. However, loose grain has lower porosity than 
ear corn. This lower porosity made natural ventilation drying impractical and has led t o  
the use of large quantities of fuel, usually propane or natural gas, to dry the corn. 

Low operating temperatures and the relative proximity of drying operations to  sources of 
crop residues make grain drying naturally suited to residue-fired heating systems. 
However, the low density and high flammability of harvested crop residues make storage 
a difficult and potentially costly problem. These problems would be relatively small in 
cases where storage area is available, such as on-farm grain drying. Grain elevators, 
however, are often located near urban areas for transportation reasons. In such cases the 
fire insurance costs for crop residue storage are believed to be prohibitive (Miles 1979). 
Another option, though, would be to  store the residues on the farm and deliver them only 
as needed. 

Because corn harvest in a state such as Iowa is usually completed in late October or early 
November, the corn farmer has a very limited time to harvest residues and complete his 
fall plowing before winter. With additional manpower and equipment, the farmer could 
harvest the grain and residue simultaneously. Unless systems were designed to facilitate 
this practice, the additional manpower required could be another limiting factor in 
residue harvesting and use as a fuel in grain dryers. 

This section examines the profitability of grain drying with crop residues both on-farm 
and at grain elevators. The first part presents the costs of harvesting crop residues, 
their value in fertility maintenance, and the various types of grain drying systems 
currently available. The second part examines the cost effectiveness of residue-fired 
drying systems currently available for farms and grain elevators. 

The data presented in this section are exemplary and do not reflect how costs vary by 
farm size, machine usage, and labor requirements. The residue burners described herein 
have not been tested fully and equipment lifetimes are uncertain. In addition, the labor 
required to operate this equipment varies with each farming situation. Research is under 
way to  determine how costs are affected by residue management practices, yields, diver- 
sified crop production, and labor availability during harvest. These analyses are pre- 
sented in forthcoming SERI reports and will be based on data presented here. 

2.2 COSIS OF CROP RESIDUE HARVESTING 

The costs presented here are expressed on a per-ton basis except where specified. It is 
assumed that collection equipment (excluding tractors) are used only to harvest crop 
residues. Lower per-ton costs could arise if the harvesting equipment is also used for 
haying. Varying yields and farm sizes affect  these calculations very little if the relation- 
ship between the harvesting system and average annual production is known. The farm 
sizes assumed for these calculations are 400 acres of corn and 750 acres of wheat. The 
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differences in farm sizes make the cost estimates for wheat straw somewhat cheaper 
than corn stover, because total hours of usage will be greater over the 10-year life of the 
equipment. This effect is ignored for our calculations because farmers seldom keep 
equipment for a preplanned length of time. These acreage assumptions provide a refer- 
ence point rather than a generalization about costs, average farm sizes, or average crop 
plantings. 

To estimate costs, each harvesting operation was divided into four factors of produc- 
tion: land, labor, capital, and management. No cost is assessed to land because it is an 
input into production of the primary grain, oilseeds, etc., and residues are not charged 
for land to avoid double counting. A $4.00/hr return to labor is assumed throughout. 
This is $.25 higher than the estimate presented by Edwards and Stoneberg (1979). 
Operating and fixed costs for machinery were estimated using worksheets from the 
Cooperative Extension Services of Iowa, Missouri, and Oklahoma (Edwards and Stoneberg 
1979; Workman 1975; Nelson and Kletke 1978). A return to management of approxi- 
mately 8% is also built into the estimates. The costs presented in Tables 2-1 and 2-2 are 
based on current 1979 prices for new machinery only. These estimates do not represent 
average charges for the existing stock of harvesting equipment and do not reflect 
opportunity costs for other farm activities. 

Yields of harvestable corn stover, meaning that amount which can be %afely1? removed 
and still be within the soil loss tolerance limits set by the Soil Conservation Service, are 
assumed to be 1.5 tons per acre. This is a conservative estimate based upon figures of 
1.45 tons per acre for conventional tillage and 1.91 tons per acre with conservation 
tillage reported by Flaim (1979). Since almost all corn is grown by conventional prac- 
tices (90% conventional; 10% reduced tillage) we assumed a value near the lower limit. 
Wheat straw yields are assumed to be one ton per acre. This is an average estimate 
based on .81 tons per acre with conventional tillage and 1.30 tons per acre when conser- 
vation tillage practices are followed. This estimate was chosen to reflect the fact that 
about 60% of the wheat in the study area was grown with conventional tillage and 40% 
with reduced tillage practices. Therefore, one may expect potential yields for residues 
harvested following conventional tillage practices to be slightly lower and the cost per 
ton to be slightly higher than those estimated here. For conservation tillage one would 
expect that the estimated yields are understated and consequently the costs per ton are 
overstated for the farm sizes under consideration. 

Table 2-1 summarizes the cost estimates for harvesting corn stover. Table 2-2 summar- 
izes the cost estimates for wheat straw harvesting. Both tables include the five most 
common harvesting systems and costs are presented as an average cost per ton for each 
system. Also included are the custom harvest costs of conventional baling, big round 
baling, and stacking. No custom charges were available for on-farm hauling in Iowa or 
for stack hauling in Oklahoma. Costs for harvesting corn stover ranged from $12.63 per 
ton to $25.85 per ton on an engineering basis and from nearly $17.00 per ton to $22.00 
per ton for custom harvesting. Costs for harvesting wheat straw ranged from $14.11 per 
ton to $21.49 per ton on an engineering basis and from $16.24 per ton to $23.29 per ton 
for custom harvesting. Engineering cost estimates are lower than custom charges, 
except for conventional bales of corn stover. This exception results from labor cost 
assumptions rather than any real differences in harvesting practices. For calculations to 
follow, harvesting costs for big round bales were employed because of their storage 
characteristics and compatability with residue fired equipment. The development of 
other types of equipment may employ different types of harvesting equipment. 
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Table 2-1. COtW EFITMATES FOR CORN =OVER 

On-farm Total Cost Total Co t 
Harvesting System Mow Rake Windrow Package Haul' ($/ton) ($/MBtu 8 
Engineering Cost Estimates for New Equipment: 

4.40 6.2 1 4.76 Three-ton stack - - 
6.35 5.96 Big round bale 2.80 1.82 - 

Conventional bale 2.80 1.82 - 10.06 9.49 
6.96 5.67 Loose chop - - - 

Big rectangular - 2.03e 4.44 10.88 8.50 
bale 

Custom Charges for Corn Stover Harvesting in Iowa and Oklahoma: 
Iowa: 

Three-ton stack - - 5.60 6.50 4.76h 
Big round bale - - 5.60 8.57 5.96h 

Three-ton stack 3.22 2.05e - 6.67 4.76h 
Big round bale 3.22 2.05 - 9.10 3.16 
Conventional bale 3.22 2.05 - 9.60 6.90 

f 

Conventional bale - - 5.60 6.90 9.49h 
0klaboma:g 

15.37 
16.93 
24.17 
12.63 
25.85 

16.86 
20.13 
2 1.99 

16.70 
17.53 
2 1.77 

1.06 
1.16 
1.67 
0.87 
1.78 

1.16 
1.39 
1.52 

1.15 
1.21 
1.50 

'Dauve and Flaim 1979. If a power unit is required, i t  is included in the cost estimate. 
bThe machinery complement should be matched to a specific set of circumstances. The use 

'The on-farm hauling distance is assumed to be one mile. 
dBased on 14.5 x lo6 MBtu/ton of residue. 
eMow and rake operations usually substitute entirely for the windrow operation. Raking is 

required in addition to the windrow operation for big rectangular bales because of the  large 
pick-up capacity of this baler. 

of a complement does not necessarily imply tha t  the authors recommend it. 

fEdwards and Stoneberg 1979. 
gNelson and Kletke 1978. 
hEstimated because no custom rates were available. 

5 



Table 2-2. COSF ESTIMATES FOR WHEAT SI'RAW HARVEFTINGa,b 

Swath Package On-farm Total Cost Total Coste 
Harvesting System MowC RakeC ($/ton) ($/ton) Hauld ($/ton) ($/ton) ($/MBtu) 

Engineering Cost Estimates for New Equipment: 
Three-ton stacks 
Big round bales 
Conventional bale 
Loose chop 
Big rectangular bale 

4.89 6.48 4.62 
3.18 6.03 7.31 
3.18 9.28 9.03 
- 9.25 4.86 

4.89 9.14 6.40 

Custom Charges for Wheat Straw Harvesting In Iowa and Oklahoma: 
Iowa: f 

Three-ton stack 3.10 2.50 - 6.50 4.62h 
Big round bale 3.10 2.50 - 10.14 7.31h 
Conventional bale 3.10 2.50 - 7.67 9.03h 

Three-ton stack - - 4.95e 6.67 4.62' 
Big round bale - - 4.95 10.70 3.71 
Conventional bale - - 4.95 10.67 7.67 

Oklahom a:g 

15.99 
16.52 
2 1.49 
14.1 1 
20.43 

16.72 
23.05 
22.30 

16.24 
19.36 
23.29 

1.10 
1.14 
1.48 
.97 

1.41 

1.29 
1.77 
1.72 

1.25 
1.49 
1.79 

'Dauve and Flaim 1979. If a power unit is required, i t  is included in the cost estimate. 

bThe machinery complement should be matched to a specific set of circumstances. The complement 

'Swath operations substitute for mowing and raking. 
dThe on-farm hauling distance is assumed to  be one mile. 
eBased on 14.5 MBtu/ton or residue. 

fEdwards and Stoneberg 1979. 

gNelson and Kletke 1978. 

hEstimated because no custom rates were available. 

used is not meant to imply that  the authors recommend it. 
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Custom operators allow farmers more flexibility in timing residue collection. Custom 
operators could begin collection of residues shortly after the grain harvest begins. 
Alternatively, if the grain is custom-harvested the farmer who owns haying equipment 
could follow the custom operator. Either alternative allows the landowner maximum 
utilization of this land and equipment and a chance to avoid a shortage of labor on the 
farm. Custom rate charges (which do not reflect these considerations) are presented for 
comparisons with our cost estimates. 

2.3 THE VALUE OF CROP REmDUPS 

The value of crop residues has been interpreted in many different ways. Corn stover is 
jointly produced with corn grain. However, few analysts have tried to separate the  cost 
of production into its appropriate components because such distinctions are usually 
arbitrary. Typically, the amount of residues available for ,any other purpose besides 
incorporation in the soil is determined from estimates of "acceptable soil loss limits" 
determined by the Soil Conservation Service for a particular soil type. "Excessv1 residues 
are defined as that amount produced over the minimum required to maintain soil fertility 
and control erosion. A cost may be assessed for replacing nutrients removed when 
residues are collected, but this will vary with crops, soil types, residue removal rates, 
weather, and tillage practices. Average amounts of nutrients per ton of crop residue 
removed by type of crop and potential savings from the use of residue ash are presented 
in Table 2-3. No dollar values are assigned to these estimates because nutrients become 
available as the material decomposes, which requires discounting the nutrients and their 
respective prices as they become available. The estimates in Table 2-3 ignore the 
impact on biological activity in the soil, but these impacts are not well understood and 
cannot be quantified. 

Harvesting crop residues eliminates two machine operations in the falk chopping and 
discing. The cost of these operations is not addressed here, but would increase the value 
of the residue by a small, unknown amount. It is assumed further that  the quantity of 
residues left  after harvesting is sufficient to  control erosion and to sustain crop produc- 
tion economically and indefinitely.* 

Table 2-3 illustrates the most notable aspect of burning crop residues, the destruction of 
available nitrogen which requires high levels of solar energy t o  "fix" in plants. Other 
conversion equipment, including anaerobic digestors, animals, and humans, destroy very 
little of the nitrogen component and if residues from methane generation, manure, and 
sewage sludge are reapplied to the soil, significant conservation of available nitrogen can 
be achieved (Stanford 1980). Redistribution of ash would incur other costs, but this cost 
could be minimized by incorporating this activity in other field operations. 

*The value of crop residues in controlling erosion has been estimated from a regional 
linear programming model of the  agricultural sector in Iowa. Using different crop 
production practices and crop rotations, alternative solutions to the model were obtained 
with soil-loss unconstrained and constrained to  levels that  occur without residue 
removal. Different production practices and rotations were forced into solution to  
satisfy the soil loss constraint. The value of crop residues in erosion control were cal- 
culated based upon the differences in the objective function with the unconstrained and 
constrained uses. The calculated values were very low, ranging from $0.015 to $0.11 per 
ton for the level of removal evaluated (Short et al. 1978). 
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Table 2-3. AMOUNT OF NUTRIENTS PER TON OF CROP RESIDUE REMOVED BY 

DUE ASH FROM DIRECT COMBUSTION (lb/dry ton of residue) 
TYPE OF CROP AND POTENTIAL SAVINGS FROM THE USE OF RESI- 

Nutrient 

Nitrogen 

Lost in Re tu rne t  
Crop Removala with Ash 

Corn 22.22 0.00 
Soybeans 45.00 ' 0.00 
Wheat 13.33 0.00 

Phosphor us Potassium 

Lost in Returned Lost in Re t urneg  
Removala with Ashb Removala with Ash 

3.59 1.85 26.75 5.38 
4.39 3.33 20.75 6.25 
1.45 .90 19.37 6.25 

'White and Collins 1976. 
bBhagat, Davitian, and Pouder 1979. 

2.4 TRANSPORTATION COSTS 

Transportation of crop residues to an on-farm residue-fired grain dryer can be accom- 
plished in several ways. Stackwagons or loose chop harvest systems are  feasible for 
hauling crop residues over short distances. Large round bales or big square bales are 
moved with specially designed (and currently available) bale movers. The costs of corn 
stover and wheat straw harvesting presented in Tables 2-1 and 2-2 include charges for 
hauling residues one mile. 

Costs for transporting residues to a power plant can be determined by an engineering 
cost estimate or the use of current charges per ton/mile for hay and straw. Since the  
volume constraint on trucks is usually exceeded before weight becomes a consideration, 
light-duty trucks with trailers might be an economical alternative for some farmers. 

Table 2-4 presents a summary of crop residue transportation costs in the studies we 
examined. A detailed engineering cost estimate is adapted from Short et al. All other 
estimates are expressed in ton-mile charges, for comparison. Differences in cost 
assumptions among studies could not be ascertained. W e  have updated fuel, oil, and labor 
costs from their 1978 estimates. Table 2-4 shows that even with more recent costs of 
fuel, costs per ton mile according to Short et al. are about half those used by Koelsch et 
al. and if the lower estimate is used, half that  by Abdallah. The costs of moving stacks 
are very similar for all studies. Charges per ton mile range from $0.32 to $0.343. 

The largest costs of transporting residues are fixed costs (interest and depreciation), 
overhead, fuel, and wages. Fuel costs can be expected to become more important as the  
prices of gasoline and diesel fuel increase. 

Transfer costs are those costs incurred in loading and unloading crop residues. Transfer 
costs are included in the ton-mile charges of Table 2-4. Short et al. estimate tha t  
transfer costs amount to about 3/4 of an hour of effort per truckload. Most of the 
transfer costs are labor charges for the truck driver who must wait while residues are 
loaded and unloaded. Big round bales are less expensive to transport than stacks because 
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Table 2-4. CROP RESIDUE TRANSPORTATION COSTSa 

Unit Cost 

Item $/year $/ton 

Fixed Costs 
Interest and Depreciationb 

License fees and highway expenses 440.00 
Insurance 624.56 
Maintenance and repairsC 1,521.17 
Overhead and management 3,189.47 

(initial cost of $23,808) 3,757.93 

Subtotal 

0.1578 
0.0185 
0.0262 
0.0639 
0.1340 

0.4004 

Variable Costs 
Fuel (0.95 $/gal. - 5.5 mpg) 0.1727 0.1495 
Oil and Oil filters 

($16.00/oil change - 4,500 mi per chg) 0.0035 0.0032 
Tires 0.0245 0.0019 
Wages ($7.00/hr - 40 miles/hr 0.1750 0.1557 

Subtotal .3757 . 3  103 

$/year $/ton 
~~~~~ ~ 

Transfer Costs 
Wages (7.00/hr x .75 hr/load) 

Total costs per ton for 10 mi  round trip 
(including transfer costs) 
Cost per ton mile 

Short et al. (1978) 
Koelsch, Clark, and Larson (1977) 

(based on 20 mi round trip) 
Big round bales 
Stacks 

Miles (1978) stacks 
Abdallah (1978)e 

Big round bales 
Stacks 
Loose chop 

5.25 0.4375 

1.1482 
.I148 

0.08-0.111 

0.235 
0.32 
0.32 

0.17 
0.343 
0.393 

aShort et al. 1978. 
bAnnual interest and depreciation charges are calculated using a capital recovery factor 
assuming a salvage value after 8 years of $5,692 and a discount rate of 10% (double 
declining balance depreciation schedule). 

'Assumed to  equal 65% of initial purchase price. 
'Trip-years based on 248 8-hr working days/yr. Total time per trip is the sum of travel- 

eStacks are transported by a stack mover, large round bales by gooseneck trailer, and 
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their density is higher, and transporting big round bales is easier and losses are smaller 
than transporting stacks. 

2.5 GRAINDRYING 

Typically, corn is harvested with 23% MCWB (moisture content wet basis) and must be 
dried to about 15% MCWB t o  avoid spoilage in storage. Grain drying can be accom- 
plished in a number of different ways, depending upon the amount of grain to be dried 
and local weather conditions. The differences between on-farm and grain elevator drying 
systems are primarily differences in scale. Grain elevators characteristically handle 
larger quantities of grain and generally select continuous-flow systems to avoid the  
delays tha t  occur while the grain is being transferred in and out of a batch dryer. Small 
farms, on the  other hand, often find batch systems to be economical. Scale differences 
aside, there  are three basic methods of drying grain: (1) high-temperature drying with a 
separate cooling stage, (2) dryeration, and (3) low-temperature drying. 

High-temperature systems expose the grain to  temperatures ranging from 160' F to 
250'F. The temperature extremes tha t  corn can withstand without dama e vary with its 
moisture content. The systems that utilize temperatures as high as 250 F do so at the 
beginning of the cycle when the  grain has a relatively high moisture content. The final 
temperatures as the grain approaches 15% MCWB are usually around 160'F. Once the 
grain has reached the desired moisture content, i t  is cooled either in the dryer or in a 
separate system. The efficiency of the system is indicated by the temperature and 
humidity of the exhaust air. If there  is excess drying capacity in the exhaust air, effici- 
encies are lower. 

Dryeration refers to a system in which the grain is dried in a high-temperature dryer to 
about three percentage points above the desired moisture content. The grain is then 
transferred while hot to another bin and allowed to s teep for 8-10 hours. The steeping 
allows the moisture in the middle of the kernel t o  distribute itself more evenly through- 
out the kernel, increasing the moisture content of the outer areas of the kernel. The 
grain is then cooled, by means of the bin's aeration system. After cooling, the  grain's 
moisture content is usually about three points lower than it was when it le f t  the dryer. 
This type of system is more efficient than others identified because it extracts the  last 
remaining moisture without heating. The disadvantage of the system is tha t  i t  is diffi- 
cult to manage and is not easily adapted to continuous-flow systems. 

Low-temperature drying uses large volumes of ambient or slightly warmer air to dry the 
grain. This requires long drying periods-as much as fifty-five days for corn tha t  s tar ted 
at 24% MCWB with 40'F air  (Doane's Agricultural Report 1979, p. 354.3). Low-tempera- 
tu re  drying is very efficient but requires more management than high-temperature 
drying. Its low operating temperature makes i t  suitable for other types of solar equip- 
ment. However, its long drying t ime and high labor requirements make it less suitable 
for large enterprises. 

Hybrid systems have tremendous potential for energy conservation. For farms where 
low-temperature drying is too slow, a high-temperature system could be used to bring the  
grain down to  around 20% MCWB. The remaining moisture could be removed with a low- 
temperature system. High-temperature systems are most efficient at high moisture 
levels while low-temperature drying is best managed at low moisture levels where 
spoilage is less of a problem. Such a hybrid system can reduce energy consumption by 
44% while increasing the capacity of a high-temperature dryer by a factor of two 
(DoaneB 1979, p. 358.4). 
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The several types of high-temperature drying systems can be classified into three general 
ones: (1) batch systems, (2) in-storage drying, and (3) continuous-flow systems. A batch 
system is one in which a quantity of grain is transferred into a dryer, either a special bin 
or a separate unit, and the entire batch is dried and then cooled, either in the same 
system or separately. Batch systems tend to be inexpensive and have high drying 
speeds. Their major disadvantage is that they require more labor to operate. 

In-storage drying systems use the final storage container as the dryer. Grain is added 
daily in layers while hot air is forced up from the bottom. The technique is to apply wet  
grain at roughly the same rate that the drying zone is moving up the grain pile. This type 
of system is difficult to manage and its slow drying rate and inflexibility make it unsuit- 
able for many applications. 

Continuous-flow systems are particularly popular for large operations. The wet grain can 
be placed in a holding tank and the system automatically transfers the wet grain to the  
dryer and the dry grain to storage. The most common configuration is one in which wet 
grain is placed at the top of a 1-ft-diameter column through which hot air is forced, 
perpendicular to the flow of the grain. The grain descends the column and is metered out 
the bottom. Some larger systems supply progressively cooler air as the  grain descends 
the column, taking advantage of the grain's ability to withstand higher temperatures at 
higher moisture contents. Many systems cool the grain at the bottom of the column and 
use the extracted heat to preheat some of the drying air. While efficiency is gained by 
extracting the heat from the dried grain, heat is often lost because the exhaust air from 
the  drying section is not saturated (Middle State  Manufacturing 1979). 

Continuous in-bin drying systems can avoid exhaust air heat losses by having the grain 
flow opposite the direction of air flow. This counterflow situation utilizes almost all the 
available heat in the air stream. One such system, marketed by Middle State  Manufac- 
turing of Columbus, Nebraska, uses a horizontal sweep auger to unload dry grain from the 
bottom of a pile that can range from 5-19 f t  thick. The hot air is blown in from the 
bottom and passes up through the pile. Wet grain is applied to the top of the pile. The 
manufacturers recommend operating the system when the grain depth is 5 f t  or greater, 
with an upper limit of about 19 f t  (Joseph 1979). Exhaust air losses are very small due to 
the counterflow operation. Mathews Company of Crystal Lake, Illinois, manufacturers a 
system of this type that also uses the heat from the dry grain as it is cooled (Mathews 
Company 1979). 

When selecting a drying system, the farmer makes his decision based on the suitability of 
the system for the climatic conditions and harvest practices of his farm. The size of the 
farm greatly determines the necessary capacity and drying rates. The type of enter- 
prises in which the  farmer is involved also strongly influences his drying requirements. 
Grain that is stored only until spring can be stored at 15.5% MCWB while grain that is 
expected to be stored through the summer must be dried to 13% MCWB. Likewise, 
climate and breed of corn planted affect  the drying rate by varying the initial moisture 
content of the grain. To compare the two on-farm residue-fired systems, the following 
hypothetical assumptions are made. The farm has 400 acres of corn with an average 
yield of 130 bu/acre. The moisture content of the harvested corn averages 22% MCWB, 
to be dried to 15% MCWB. The harvest rate runs from 300 bu/hr to 600 bu/hr. Harvest 
is assumed to take place primarily in October with an average daytime temperature of 
52' F. These conditions were selected to represent reasonable, if not typical, conditions 
in Eastern Iowa, a major corn-producing area. 

Grain elevator operators must consider many of the same factors that farmers do when 
selecting grain-drying systems. Local harvest and weather conditions will determine the 
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moisture content of the grain that  the elevator receives. The necessary drying rate will 
be controlled by the capacity of the elevator and the number of farms that it serves. For 
this analysis, a medium-sized grain elevator is hypothesized. The elevator dries about 
700,000 bu of corn/yr from 22% to 15% MCWB, on the average. The average ambient air 
temperature assumed is 50°F during the hours in which the grain is dried. 

2.5.1 OwFarm ResidyeFired Grain Dryers 

A total of five residue-fired grain dryers were identified. Two are not available com- 
mercially. One is located at Pioneer Seed Corn Company, Marengo, Indiana, and the  
other at Waste Combustion Corp., Richmond, Virginia. Other design work on residue- 
fired grain dryers is being performed in Agricultural Engineering Departments at Iowa 
State University, Purdue, University of California-Davis, and Kansas State University. 
Kajewski built a primitive residue-fired grain dryer for a M.S. project at Iowa Sta te  
University. A cross baffle design was used to reduce emissions of fly ash, but problems 
were encountered with conveying systems, fan size, unburned hydrocarbons, and the  
hydraulic feeding mechanism (Kajewski 1977). 

Three residue-fired drying systems currently being developed for sale in 1980 are the  
basis for the cost comparisons that  follow. All utilize in-bin drying systems but differ 
somewhat in type. The first system being developed for sale is a continuous in-bin 
system. The residue burner accepts big round bales, approximately 5 f t  long by 5-7 f t  in 
diameter. Up t o  two bales can be loaded by a standard tractor loading device onto a 
rack. Once the bales are on the rack, the device automatically loads them into the 
burning chamber. The two-bale rack allows the device to burn without reloading the rack 
for about four hours. This interval is probably sufficient to not seriously interfere with 
harvest. However, i t  is necessary tha t  the controls be operated to load the next bale into 
the burner about every 1-1/2 hours. This function could be performed by almost anyone 
and would not necessarily require the  attention of workers involved with the  harvest. 

Assuming the farmer already has a number of storage bins with the necessary equipment 
to transfer between bins, t he  cost of changing an  existing 30-ft diameter bin into a 
continuous grain dryer would be approximately $25,000 for a residue burner and about 
$19,500 for a propane burner. The bin costs approximately $6,700 installed. 

A prototype of this first system has successfully dried a 50,000-bu corn harvest during 
trials in 1979. The system dried 6,000 to 7,000 bu/l8-hr day. Moisture content was 
reduced from 28% to 14.5% MCWB. Emissions from the residue and corn burner are 
virtually eliminated in three ways. The burner is a topdown design which pulls unburned 
gases and particulates from the top through the firebrick-lined grate. Residence t ime of 
gases is increased and most combustion products are pulled into the  fire where they are 
consumed by the 1200°-18000F temperature. A fly ash t rap is incorporated in the system 
t o  keep ashes out of the drying system and grain. After combustion gases pass through 
the fly ash t rap they are mixed approximately 11 to 1 with outside air. This mix is then 
blown from bottom to top through the grain and vented out the top of the  bin. The grain 
acts as a huge filter to remove all remaining impurities. The grain from the residue 
burner appears to be of comparable quality and uniform moisture content as grain dried 
with propane. 

The first system may be adapted to burn grain. This burner costs about the same as the 
residue burner. Estimates of t he  fuel costs for the three fuels-propane, corn stover, and 
corn-are presented in Table 2-5. Off-quality grain should be used instead of #2 corn if 
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Table 2-5. 1979 COST ESTIMATES OF PROPANE AND STOVER-PIRED ON-FARM GRAIN DRYERS 

~ ~~~~ ~ 

Units to  Dry 
52,000 Bu 

Energy Fuel (348 x lo6 Btu) Total Fuel 
Capital Content Heating c o s t  From 23% MC R Fuel Savings 

Grain Dryer/Fuel Type c o s t  Per Unita Efficiencyd Per Unit to 15% MCWR 6 Cost Over Propane 

1st Type 
Propane 
Residue 
112 Corn 

$19,500' 91,600 Btu/gal. .95 $ 0.65/gal 4,000 gale $2,600.00 - 
25,000' 7,250 Btu/lb .8 1 16.93/ton1 30 tonsf 525.20; $2,080.00 

620 .OO 25,0OOc 9,000 Btu/lb .88 2.50/bu 785 bug 1,980 .OO 

- 2nd Type 
Propane 20,000! 91,000 Btu/gal. .95 0.65 5,200 3,380.00 
Residue 27,000Jik 7,250 Btu/lb .8 1 16.93/tonh 3.8 tons1 643 .OO 2,740 .OO 

-~ ~ 

aSee Appendix, Table A-1. 
bAmbient temperatures of 520°F assumed (9:OO a.m. - 9:00 p.m. October average temperatures in Dubuque, Iowa). 
CPrice includes burner, perforated floor, floor supports, 7.5 H.P. unloader, 50 H.P. fan, 1 H.P. leveler, propane burner, transition ducts, 

roof air outlets, and electrical panel. Approximate prices inflated 15% from 1978 (excludes tax credits). Residue burner cost reported 
in Nebraska Farmer Magazine, November 18, 1978. 

dManufacturer's estimates and Lewis T. Hendricks, Extension Specialist, Forest Products, University of Minnesota. 
e(348 x lo6  Btu)/((91,600 Btu/gal) (.95)) = 4,000 gal. 
'(348 x lo6 Btu)/(7,250 Btu/Ib) (.81) = (60,000 Ib) 3 (2,000 lb/ton) = 30 tons. 
g(348 x lo6 Btu)/(9,000 Btu/lb) (.88) = (43,960 Ib) + (56 lb/bu) = 785 bushels. 
hDauve and Flaim 1979. 
'Includes 26.4 gal. of propane starter fuel for restarting each day (8 days). 
jApproximate installed cost for all equipment. 
kAnticipated list sales price. 
'More fuel is required for this system because of its use of an air-to-air heat exchanger. 



it is available because it is considerably cheaper and has few alternative uses (Joseph 
1979). Availability of such grain varies considerably, so the cost of # 2  corn was  used as 
the fuel cost. The collection cost for a bale was based on average rates for Iowa (Dauve 
and Flaim 1979). The heating requirements were based on data provided by the manufac- 
turer for their equipment. With an operating temperature of 160'F and an ambient 
temperature of 60°F, the dryer averages about 1,350 Btu per pound of water extracted 
(Joseph 1979). This figure was adjusted to the  52'F ambient temperature that  can be 
expected in October (Doane's 1979). 

Another manufacturer has a top-loading design for on-farm grain dryers. The capital 
costs for this system are nearly identical to the  side-loading version but the labor costs 
are much higher. Automatic feeding devices are available but have significantly higher 
capital costs, which are not reflected in Table 2-5. This system was not reported in 
detail because of its higher costs and inefficient loading design. 

Costs for big round bales of corn stover are selected because the burner can be automa- 
tically loaded with these bales and corn stover can usually be found where corn grain is 
dried. Wheat straw is a suitable substitute, as well. The grain burner can be fed auto- 
matically with an auger system. The residue burner is large and costs an additional 
$5,500 more than the propane system. For the hypothetical farming situation described 
in Table 2-5, the fuel savings are about $2,000 for the stover-fired grain dryer and about 
$620 for the  corxi burner. The fuel savings from burning grain would be smaller than this 
estimate if off-quality grain were not available. A farmer could use part of the crop to 
dry the rest. These savings are for eight 16-hr days of operation, one farm's average 
output. However, the burner is portable. If two farmers with 50,000-bu crops purchased 
a residue burner, t he  payback period could be less than one month. Further, the burners 
could be used for space heating farrowing houses, barns, or equipment sheds when not 
being used for grain drying. 

The second system examined here also uses an in-bin drying system, but one of a differ- 
ent configuration from the first system. The dryer can be operated either in a batch or 
continuous mode depending upon how it is instrumented and equipped. The system dries a 
32-in.-thick layer of grain on a drying floor that  is 4 f t  below the eaves. Hot air from 
the burner mixes with warm air from the grain cooling below and passes through the wet 
grain layer. When the  grain is dried, it is dumped on the cooling pile below where its 
heat is extracted and used to dry more grain. 

The residue burner consists of a cubical heat chamber with side dimensions of 10 ft. The 
burner is double-walled with the drying air passing between the walls as it is heated by 
the wall surrounding the combustion air. By using this heat exchanger system, the 
quality of the drying air is assured. The heat chamber is loaded through large double 
doors on the side with a tractor lifting device and can accept either big round bales or 
small stacks of crop residue. The nature of the loading system requires the use of a 
tractor each time the system is loaded. Depending on the size of the stack or bale and 
the drying rate, loading could occur at intervals ranging from two to six hours. Because 
the tractors are probably in use in the  field during harvest, loading could be a problem if 
the interval was  as low as two hours. 

While this system does extract  the heat from the dry grain, data used in our comparisons 
show that  this system is less efficient than the first system because of t h e  use of heat 
exchangers. The second system has only been tested with one prototype. The company is 
in the  process of manufacturing 12 for testing on sample farms. The drying system data 
provided by the company was not sufficiently precise to allow the same detailed analysis 
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used for the first system. The company estimates that one gal. of propane will dry five 
to nine bu of corn from 25% to 15% MCWB. A comparison was made based on these 
assumptions (Table 2-5). 

The savings from the second residue grain dryer are comparable to those of the first, 
about $2,700 or half the  burner cost for a 52,000-bu crop (Table 2-5). However, this 
system has not been fully tested. In addition, the burner has substantial labor require- 
ments that  occur during harvest that  have not been accounted for. 

2.5.2 Resich~e-Fired Grain Dryers for Grain Elevators 

Table 2-6 presents current costs for a grain elevator residue-fired burner. The system is 
assumed to be installed in a steel bin 42 f t  in diameter and 22 f t  high. The installed cost 
of this bin is about $14,000, but is not included in burner costs, Assuming that  700,000 bu 
of corn are to be dried from an average of 23% MCWB to 15% MCWB, about 5,500 MBtu 
are required for ambient temperatures of 50°F. After efficiency losses are accounted 
for, this is equivalent to 468 tons of corn stover or 63,200 gal. of propane. Using 
$16.93/ton for on-farm harvest and hauling and adding a $2.OO/ton hauling charge (10 mi 
average hauling radius at 0.20/ton mi) and $10.00/ton profit for the  stover, fuel savings 
amount to about $27,000 per harvest year. This savings is about 3 times the cost of the 
residue burner alone, about the  same as the  cost for the drying equipment. Even at 
$50/ton for corn stover, fuel savings are almost $18,000. 

15 



Table 2-6. 1979 COSI' E!WIMATES OF PROPANE AND STOVER-FIRED GRAIN ELEVATOR GRAIN DRYERS 

Units to Dry 
700,000 Bu 

Energy Fuel (5500 x lo6 Btu) Total Fuel 
Capital Content Heating Cost From 23% MCWB Fuel Savings 

FuelType Cost Per Unit Efficiency Per Unit to  15% MCWB Cost Over Propane 

Propane 22,500a 91,600 Btdgal.  .95b $ 0.65/gal. 63,200 gal.d $41,100 - 
Residue 28,000a 7,250 Btu/lb .81b $29.00/p 468 tonse $13,700f $27,400 

aPrice includes residue burner if applicable, perforated floor, floor supports, 15 H.P. bottom unloader, 100 H.P. fan, 2 H.P. 
levelers, propane burner, transition ducts, roof air ducts, and electrical panel. Prices inflated 15% from 1978 (excludes tax 
credits). Price does not include steel bin. 42' diameter, 22' high, approximately $13,900 installed. 

bManufacturen estimate and Lewis T. Hendricb, Extension Specialist, Forest Products, University of Minnesota. 
'Dauve and Flaim 1979. Includes $16.93 for harvesting and on-farm haul, 10 mi average hauling. 
d[5500 x lo6 Btd f [(91,600 Btu/gal.) (.9511 = 63,200 gal. 
e[5500 x 166 Btd + [((7,250 Btu/lb) (.81))$(2,000 lb/T) = 468 tons. 
fIncludes $110 for ignition propane for 50 drying days, one start per day, 12-min burn/start at 1.5 x lo6 Btu/hr. 



SECTION 3.0 

UTILITY APPLICATIONS 

3.1 INTRODUCTION 

The costs of burning crop residues in utility applications depend on the costs of harvest- 
ing and transporting residues, and the costs of modifying existing boilers and materials 
handling systems. Substantial storage costs may be incurred if the utility has to store 
residues over a crop year from an annual herbacious crop. However, on-farm storage 
could allow the utility to schedule deliveries according to its needs and might also allow 
the farmer to negotiate his deliveries according to his plowing and planting schedules. 
Data on the costs of modifying existing installations to burn crop residues are scarce. 
Most studies have relied on modifications costs for retrofitting existing boilers to burn 
municipal solid waste (MSW). Crop residues do not require the  large capital investment 
in classificiation equipment to separate metals and glass; however, dirt and rocks pose a 
problem. 

This section contains descriptions and costs of processing and handling equipment for 
crop residues. Storage for 90 days is included in the capital and operations costs esti- 
mates. Costs for modifying an existing installation include sitework, buildings, equip- 
ment, rolling stock, engineering and contingency, and a conveying system to feed resi- 
dues to the boiler. Estimates of the value in reducing sulfur emissions are reported from 
other studies." None of the studies we examined accounted for the value of residue ash, 
or the cost savings of reduced ash disposal. 

3.2 UTILITY MODIFICATIONS COSIS 

Handling systems for large quantities of agricultural crop residue are necessary for 
utility applications. For short distances, conveying systems are the most practical. 
Conveying systems include the following types: drag, flight, belt, pneumatic, screw, and 
vibrating conveyors. Each of these may be modified easily to handle crop residues, but 
size reduction equipment may be required. 

Other types of handling equipment include tote boxes, front-end loaders, and self- 
dumping trucks. Tote boxes are used for collection and transportation when handling 
requirements do not justify installing a conveying system. Front-end loaders and self- 
dumping trucks are used in many wood mills for transporting wood wastes over short 
distances (Towne 1976, p. 42). Several types of truck-trailers are available with a 
conveyor in the bottom that transports materials out the back without dumping. 

Truck-trailers have been specially designed for transporting wood residue over public 
highways. For large distances, railcar hauling may be more cost competitive. Barges are 
used extensively in the Pacific Northwest for waste wood handling. A barge will haul 

*Start- et al. (1978, p. 366) did not report modification costs because "the uniqueness of 
each boiler installation foiled an attempt to categorize the units on a needed modifica- 
tions basis within the time frame. . . . Modifications could run from virtually zero in a 
cyclone type boiler to very high costs associated with cutting into the side, sealing some 
water pipes, setting up controls, etc., in other types of boilers." . 
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120,000 f t3  of material compared t o  7,000 f t 3  in a railcar and 3,000 f t3  in a large 
tractor-trailer (Towne 1976, p. 43). M o s t  of these transport and handling systems can be 
applied to agricultural crop residues, with few modifications. 

Each type of hauling system requires unloading facilities at the plant where they will be 
used. In addition t o  the self-dumping trailers already discussed, some installations have 
found it necessary to put in hydraulically tilted platforms or rollover dumpers to reduce 
loading and unloading times. Hydraulically tilted platforms are available to handle 
trailers, trucks and trailers, and railcars. Rollover dumpers literally roll a railcar upside 
down, emptying the contents into a hopper. Front-end loaders are typically used for 
small volumes. 

A pneumatic system is also available which incorporates a digger head and suction nozzle 
to unload open top railcars. The digger head is designed to break up frozen chunks to a 
size suitable for handling in a pneumatic system. Barge unloading facilities include 
moorage and a winch system to move the barges under the loading chute. Barges do not 
appear to be a likely alternative for transporting residues in the near future. 

Handling systems include sitework, buildings, equipment, rolling stock (front-end loaders) 
engineering and contingency, and primary conveying systems to move residues from 
storage to the boiler. Capital costs for these subsystems are presented in Table 3-1 and 
shown for different capacities expressed in tons/day. Estimates by Abdallah and 
Hitzhusen are compared with estimates by Short et al. The only level of stover through- 
put estimated by both studies is the 100 tons/day level. Abdallah omits charges for 
sitework and estimates for buildings are $150,000 less than estimates by Short et al. 
Abdallah's estimates for rolling stock are almost one-third those of Short. 

Both studies show remarkable declines in the cost per ton/day capacity as throughput 
increases. Capital costs per ton/day capacity decrease by half, increasing throughput 
from 50-150 tons/day in the estimates by Abdallah and Hitzhusen. Similar reductions are 
shown by Short et al. in going from 100-300 tons/day of throughput. In general, these 
estimates show that  tripling throughput decreases capital costs per ton/day of capacity 
by half. Detailed modifications costs for the Ames, Iowa, generating station are pre- 
sented in Appendix C, Tables C-4 and C-5. 

Capital, operations and maintenance, and labor costs are presented in Table 3-2 for 
capacities ranging from 100-1,200 tons of throughput per day. Estimates by Short et al. 
range from a high of $12.66 per ton for 100 tons of throughput per day to $3.22 per ton 
for 1,200 tons of throughput per day. Estimates by Abdallah and Hitzhusen reflect the 
lower capital expenses but are presented only for 100 and 150 tons/day of throughput. 
Cost estimates were $3.66 per ton for 100 tons/day and $3.01 per ton for 150 tons/day of 
throughput. The average cost of systems reported by Starr et al. were about $4.00 per 
ton. Abdallah and Hitzhusen neither report nor mention any labor charges for crop 
residue handling at the utility. 

Assuming the on-farm harvesting costs are $16.93/ton, transportation charges are 
$2.50/ton, and $10/ton is the farmer's profit, delivered costs of crop residue are 
$29.43/ton or $2.03/MBtu. Adding processing equi ment capital charges, operation and 
maintenance expenses, and labor costs (Table 3-27, the costs of residue to the  boiler 
range from $42.09/ton (100 tons of throughput daily) or $2.90/MBtu to $33.06/ton (900 
tons of throughput daily) or $2.28/MBtu. At  $25.00/ton, coal is about half as expensive 
(24 MBtu/ton) as crop residue. Coal prices, therefore, need to  double before crop residue 
becomes a competitive fuel. 
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I II 

Table 3-1. CAPITAL COsrS FOR PROCESSING AND HANDLING CROP RESIDUPS IN STOKER-BOILER UTILITY APPLICATIONS 

c, 
CD 

Capacity, in Tons/Day 

Item 50 75 100 , 150 300 600 900 1200 

Sitework 
~ ~~ 

$ -a $ -a $ 112,390 $ -a $ 135,601 $ 145,678 $ 153,743 $ 160,085 
--a 

Buildings 12 ,OOOa,b 15, OOOapb 168,5 11 20,000a,b 368,744 673,218 1,105,985 1,377,865 
16, OOOa, 

Equipment 268,875a 369,255a 666,397 603,775a 951,676 1,150,777 1,390,695 1,532,288 
439,880a 

Rolling stock 14,O0Oa 14, OOOa 38,128 14,000a 51,429 95,674 95,764 95,764 
14, OOOa 

Engineering and contingency 201,000a,C 211,000a9c 249,107 234,000a,c 330,635 450,244 586,889 689,799 
218 ,OOOatC 

Conveying system 120,000a 125,000a 154,280 140,000a 145,280 145,280 154,280 145,280 
130,000a 

Total 615 ,875a 734,255a 1,389,413 1,011 ,775a 1,992,365 2,669,961 3,397,356 4,010,081 
817 ,880a 

Capital costs/tons per day 
capacity 12,317a 9,790a 13,894 6,745a 6,641 4,449 3,774 3,341 

8, 178a 

aAbdallah and Hitzhusen 1975. See also Appendix C, Tables C-1 and C-2. All other estimates are by Short et al. 1978. 
bAbdallah and Hitzhusen include the cost of a receiving floor. 
‘Estimate includes boiler modifications. 



Table 3-2. CAPITAL, OPERATIONS AND MAINTENANCE, AND LABOR C O s l s  IN 
STOKER-BOILER UlTLlTY APPLICATIONS ($/ton) 

Capacity, in Tons/Day 

100 150 300 600 900 1200 

Capital Charges $ 7.00 $1.83a $3.33 $2.30 $1.85 $1.63 
Operators and Maintenance 3.02 1. 18a 1.86 1.44 1.30 1.23 
Labor 2.64 .92 .64 .48 .36 

Total 12.66 3.01a 6.11 4.28 3.63 3.22 
3 .66a 
4. OOb 

aAbdallah and Hitzhusen 1979, p. 10, converted from $MBtu to $/ton by their assumption 
of 13 MBtu/T. All other estimates by Short et al. 1978. Costs for large round bale sys- 
tem are calculated with a discount rate of 9%. No labor costs or requirements are men- 
tioned or identified. Capital changes are separated from O&M in Abdallah 1978, p. 91. 

bAverage cost/ton for systems reported in Starr et al. 1978. 

20 



SECTION 4.0 

SUMMARY AND CONCLUSIONS 

This report examines the  economic feasibility of burning crop residues for on-farm grain 
drying, grain drying at a grain elevator, and electricity generation at a utility. Table 4-1 
presents cost summaries for these three direct combustion applications. The feasibility 
of using crop residues depends primarily on the costs of alternative fuels. 

Following dramatic price increases for petroleum during 1979, grain drying is the most 
economically attractive alternative studied. For on-farm applications, a typical 400- 
acre grain harvest would consume nearly 4,000 gallons of propane to dry 52,000 bushels 
of corn from 22% moisture content wet  basis (MCWB) to  15% MCWB. A t  $0.65 per 
gallon, this amounts to about $2,600.00. The same amount of heat obtained from crop 
residues would cost about $525 for 30 tons of residue. The fuel savings, therefore, from 
using crop residue instead of propane amount to about $2,080 for a typical 8-day har- 
vest. These fuel savings are about 40% of the cost of the residue burner which is $5,500 
more than the  cost of a similar propane-fired system with equivalent capacities. The on- 
farm grain dryers studied are mobile and could be used at several farms depending on the 
timing of harvest. Residue burners may also be used to heat farrowing houses and 
machine sheds. 

Since one elevator services a large number of customers, the front-end capital costs of a 
residue burner can be spread over a larger harvest. A harvest of 700,000 bushels would 
require about 63,200 gallons of propane to dry corn from 23% MCWB to 15% MCWB for a 
total fuel cost of $41,100. This drying requirement amounts t o  468 tons of residue, which 
would cost about $13,700. The fuel savings over propane amount to nearly $27,400 per 
year-nearly the  same cost as the drying equipment (bin excluded). 

As noted in Sec. 3.0, the costs of using crop residues in utility applications are prohibi- 
tive if the current average cost of coal for utilities is used for comparison. Prices near 
$50/ton are required for crop residues to be competitive. Most studies attempt to 
measure the  cost savings of blending coal with crop residue to meet emissions standards 
for sulfur without installing pollution-control equipment. These studies ignore the 
additional environmental costs incurred with coal mining: land reclamation, water 
pollution, black lung disease, and mining-related deaths. Solid fuels from biomass have 
many advantages from an environmental perspective. Although particulate emissions can 
be a problem, biomass has low sulfur content (see Appendix Table C-2). Sulfur is gener- 
ally more expensive to  remove from exhaust gases than particulates. The sulfur content 
of most biomass is about .l% by weight, and low-sulfur western coal about 2%-20 times 
greater than biomass by weight (.13 lb sulfur/MBtu for biomass; 1.6 lb sulfur/MBtu for 
low sulfur western coal). Further, ashes from biomass fuels by direct combustion have 
nutritive value as fertilizer. Ashes from coal are a disposal problem and most are land 
filled. Biomass fuels are about 3% ash by weight or less while coal can be as much as 
10% ash by weight. One million Btu of coal will generate 8.3 lb of ash, compared with 4 
lb of ash from crop residues. Biomass fuels do not contribute to net atmospheric C 0 2  
concentrations if the  land harvested for biomass fuels is revegetated. 

Crop residues are a viable alternative to coal as a boiler fuel, if the prices of new 
contracts for coal are compared with the  current costs of crop residues and all environ- 
mental costs are included in the calculations. 
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Direct combustion of crop residues is an immediate alternative to conventional fuels for 
grain drying. Ignoring labor costs and incidental operations expenses, the fuel savings 
from residue-fired on-farm grain equal total capital costs about every 24 days of opera- 
tion, assuming 6,500 bu of corn are dried daily from 22% MCWB to 15% MCWB, and the 
only drying alternative is propane. In addition, on-farm residue burners are mobile and 
can dry other farmers' crops or be used for space heating farrowing houses and machine 
sheds. Residue-fired grain dryers placed in grain elevator applications offer the largest 
savings, which could conceivably be 10 times greater than the cost of the residue burner 
alone in every year of operation. The potential use of crop residues as a utility boiler 
fuel depends on the specific characteristics of each boiler application as well as on the 
accessibility and cost of coal. 
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Table 4-1, COSl' SUMMARIES FOR CROP REmDUE DIRECT COMBUSTION APPLICATIONS 

Stoker-Boiler Utility Applications 
in TonsIDay 

On-farm Grain Elevator 
Grain Dryers Grain Dryers 100 300 900 

Harvesting and On-Farm 
Transport Costs $/tona 

Capital Costs 
Transportation Charges $/ton-mile 
Capital Charges $/ton 
Operations and Maintenance 

Labor $/ton 
Profit on Residues $/ton 
Total Cost of Residues at 

site used $/ton 
$/MBtu (14.5 MBtu/ton) 

Charges $/ton 

Credit for Sulfur Emissions $/MBtu 
Cost of Conventional Fuel Alternative 

Propane $0.65/gal $MBtu 
Coal $MBtu 

($%/ton and 24 MBtuIton) 
($50/ton and 24 MBtuIton) 

$ 16.93 $ 16.93 $ 16.93 
25,000 .OO 28,000.00 1,389,413.00 

0.25 .025 
7.00 

3.02 
2.64 

10.00 10.00 

16.93 29.43 42.09 
1.17 2.03 2.90 

0.30 

7.14 7.14 

1.04 
2.08 

$ 16.93 
1,992,365.00 

.025 
3.33 

1.86 
0.92 

10.00 

35.54 
2.45 
0.30 

1.04 
2.08 

$ 16.93 
3,397,356.00 

.025 
1.85 

1.30 
0.48 

10.00 

33.06 
2.28 
0.30 

1.04 
2.08 

aAll costs and assumptions are explained in Section 4.0. 
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APPENDIX A 

PRINCIPLES OF COMBUSTION 

When crop residues are burned, a complex process called combustion takes place. 
Combustion includes both physical and chemical reactions, and is both an oxidation and 
reduction process. Fuel is oxidized by oxygen from the air and oxygen in the air is 
reduced by the components of the fuel. Oxygen from the air is necessary for burning; the 
burning rate can be controlled by the concentration of available oxygen. Pure oxygen 
will consume fuels at a much higher rate than normal air, but pure oxygen is seldom used 
with residue fuel boilers except where primary or secondary air is recirculated from a 
combustion-exhaust system (Junge 1975, p. 11). 

Combustion is an exothermic process that releases or emits heat. The amount of heat 
emitted as a fuel is burned can be determined. The amount of heat released from 
burning wheat straw is about 7,500 Btu/lb (lower heating value) at 12% moisture content 
wet basis (MCWB) (Miles 1979, p. 1). 

Combustion rates are determined by temperature, pressure, availability of reactants 
(fuels and air), and the reaction mechanism itself. Of these, the first three can be 
controlled. Temperature and the availability of reactants can be controlled through air 
and fuel feed rates and furnace design. Pressure, while controllable, for practical 
reasons is not a subject of interest in most residue combustion applications. If the other 
factors are fixed, the rate of the chemical reaction mechanism is determined, for a 
specific fuel. An example of differences in oxidation rates would be those of carbon and 
iron in a furnace under the same conditions. The carbon would burn fairly rapidly, while 
the iron would exhibit very little oxidation. 

Fuels can be solids, liquids, or gases. Most fuels will combust only in their gaseous form, 
except for carbon which can burn as a solid (although much of it burns after being 
gasified into carbon monoxide). In the combustion of solid fuels, materials are heated to 
a temperature high enough to drive off the water in the fuel as water vapor, to cause the 
fuel to decompose, and the volatile component of the fuel to evaporate. The remaining 
carbon either burns in its solid phase or reacts with air to form carbon monoxide, which, 
with the volatile components, mixes thoroughly with oxygen in the air so the mixture 
burns. A thorough mixing of fuel and oxygen and adequate residence time increase the 
combustion efficiency of the furnace and reduce the quantity of unburned hydrocarbons 
emitted as pollutants. 

Combustion of soiid fuels occurs in the following steps: 

Dehydration, a physical process, occurs first. Fuel is heated to the point where 
water evaporates. 
Evaporation, also a physical process, occurs second. The volatile components of 
the material are heated until they change from the solid to gaseous phase. 
Pyrolysis occurs next. Pyrolysis is a chemical decomposition of the original 
molecules into smaller molecular species because of high temperatures. 
Mixing, a physical process, occurs fourth, as the fuel is evaporated and comes 
into contact with combustion air. 
Oxidation and reduction, a chemical reaction process, occurs when the fuel and 
air react to form new chemical substances and heat and light are emitted. 
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To summarize, combustion is a complex physical and chemical reaction that  takes place 
primarily in the gaseous phase. 

Combustion can be idealized as two simple reactions. First, carbon (C) combines with 
oxygen ( 0 2 )  to form carbon dioxide (C02). Second, hydrogen (H) combines with 0 2  t o  
form water (H20). These basic chemical reactions can be used to  determine how much 
oxygen is required to bring the  reactions to completion. The exact amount of air 
required to burn 100 pounds of residue fuel can be determined by stoichiometric calcula- 
tions.* Although the  exact amount of air required to burn a given quantity of a fuel can 
be determined, some excess air is required for actual practices for two reasons. First, 
for complete combustion, each molecule of gaseous fuel must come into contact with one 
or more molecules of oxygen. To ensure this mixing, extra molecules of oxygen must be 
supplied to  increase the probability tha t  the fuel molecules contact oxygen molecules. 
Second, some furnace designs require excess air to assist in drying wet  fuel and to 
distribute the fuel evenly on the  furnace grates. The amount of excess air used plus the  
materials in the fuel determine the products of combustion and the constituents of the 
flue gases. 

The major factors tha t  affect  the combustion of residue fuels may be separated into two 
groups: fuel-related and air-related factors. The most important fuel-related factors 
are fuel size, moisture content, method of feeding fuel, and feeding rates. Because 
oxidation occurs primarily in the gaseous phase, proper conditions for evaporation of the 
fuel are required. The size of the fuel particles directly affects their ability to  evapor- 
ate. Large pieces tend to  insulate their interior parts, which requires more time for the 
volatile material to evaporate.** Moisture content directly affects the rate at which 
fuel can evaporate to the  gaseous state. The first step in the combustion process, 
evaporation of water, is required before the fuel will volatilize. If the moisture content 
is high, this process takes considerable time and energy. If the moisture content is highly 
variable, controlling the combustion process is very difficult. Increasing the moisture 
content of fuel increases heat losses and thereby reduces overall efficiency. In addition, 
increasing the moisture content retards combustion, lowers flame temperatures, and 
reduces the  rate at which heat is emitted (Junge 1975, p. 21). 

The method of feeding fuel and feeding rates are important determinants of combustion 
efficiency. Most fuel-feed systems are controlled on a bulk-volume basis; i.e., they are 
designed to vary only the volumetric flow rate of the fuel. These fuel-feed systems 
cannot measure the moisture, size, and Btu content of the fuels fed. This increases the 

*Stoichiometry refers to the calculation of reactants and products involved in a chemical 
reaction. For combustion calculations, the pound mole is a useful unit. A pound mole of 
a substance is the same as the molecular weight of that substance, expressed in pounds. 
For example, a pound mole of carbon is 12 lb of carbon. The pound mole unit has two 
important features. First, when chemicals undergo chemical reactions, the proportions 
of the materials are usually expressed in pound moles. For example, when carbon 
combines with oxygen to form carbon dioxide, 12 lb of carbon combine with 32 Ib of 
oxygen to form 44 Ib of carbon dioxide. The second feature of pound moles is that, for 
gases, a pound mole always takes up the same volume under standard conditions of 
temperature and pressure. This information helps to determine the volume of oxygen 
required to burn a specific weight of residue fuel, and the volume of air required to 
obtain the oxygen. 

**Nor'West Pacific Corp. (1979) reported that 64 of the 68 wood electric systems they 
surveyed use size reduction equipment to reduce particle size variability. 
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difficulty of controlling combustion to meet emissions standards and load requirements. 
The Eugene Water and Electric Board, which burns hogged wood fuel for electricity and 
steam sales, often wets its fuel in storage to attain near uniform but high moisture 
content fuel for more accurate control of its steam generators and to control dust 
(Brown 1977). 

Air-related combustion factors include the percentage of excess air, air temperature, 
and air turbulence. Some excess air is required to combust residue fuels properly. 
However, too much excess air can be detrimental because the combustion temperature is 
reduced and the rate of reaction is slowed. In addition, thermal efficiency is reduced, 
gas velocities increase, the residence time of gases is reduced, a loss of combustion 
control follows, and emissions increase. Air temperature has a substantial effect on 
combustion. Preheating air increases its ability to remove moisture from wet fuel, and 
increases the furnace temperature (which increases the rate of combustion and reduces 
the formation of air pollutants). Increased air turbulence increases the mixing of fuel 
gases and oxygen. Generally, the greater the turbulence, the higher the probability that 
the fuel will burn completely. Mixing is important to avoid dead spaces where fuel 
vapors can accumulate and reach high concentrations, which can result in explosions. 

Because combustion is a complex process and the moisture content and size of residue 
fuels may vary widely, most furnaces have fuel and air-related controls. Four fuel- 
related combustion controls are commonly used in large residue-fired furnaces and 
boilers: size, moisture content, storage, and fuel feeding controls. Four systems are 
typically used to control fuel size: screening devices, hammer hogs for particle size 
reduction, mixing units, and separate storage facilities for different residues. Moisture 
content controls typically used are shaker screens, mechanical presses, dryers, and 
management practices to limit the amount of moisture absorbed by the fuel while in 
storage. Storage practices are important for controlling size and moisture content in 
residue fuels. Fuel-feed controls distribute the fuel within the furnace, and vary fuel 
feed rates to match loads and the combustion characteristics of the fuel. 

Air controls limit the percentage of excess air, air temperature, and air turbulence to 
control combustion. Many air-related variables affect the efficiency of combustion; the 
influence of each is not separable. Excess air can be controlled easily but the products 
of combustion must be monitored continuously. In most wood waste boilers, air tempera- 
ture is not regulated directly and control of air temperature is not possible. Air turbu- 
lence is usually controlled by furnace design; however, baffels and dampers can be used 
to increase the gas retention time. 

Particulate emissions and operating efficiencies of residue-fired burners are inversely 
related. Emissions increase when hydrocarbons escape without being burned. As noted, 
if theoretical optimum conditions of operation are met, pollution is not a problem. 
However, the moisture content, energy content, and particle size of residue fuels vary 
widely. Most waste fuel furnace and boiler manufacturers contacted by the authors have 
designed new equipment to operate over a wide range of conditions. However, most of 
this equipment is designed for large industrial processes. Since most combustion equip- 
ment now being used was in place at the time of regulation enactment, pollution-control 
objectives have been approached by simply adding pollution-control equipment at the 
exhaust stack. Appendix B outlines the "add-on" approach to pollution control. 
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APPENDIX B 

POLLUTION CONTROL REGULATIONS AND DEVICES 

Pollution control regulations are established by federal, state, local, and regional agen- 
cies. These agencies enforce their standards by a permit system which requires that any 
piece of machinery or process that generates pollutant materials to the atmosphere must 
have a permit to operate. Permits may be obtained after one demonstrates that the 
pollutant emissions will be lower than the maximum values established by the agencies. 
Agencies have set standards regarding opacity, concentration of particulate matter, size 
of particulate matter, nuisance from emissions of particulate matter, and sulfur dioxide 
(Walters 1976). A summary of pollution control implementation plans by states and U.S. 
possessions is presented in Table 3-1. 

Opacity standards are based on the age and location of an installation. In general, boilers 
that were installed and operating before 1970 and are located in areas of low population 
density are subject to the more liberal 40% limitation; new installations are subject to 
the 20% limitation by most agencies. The regulations specify that the opacity of the 
plume from the stack may not exceed a certain percent (the limitation) for a specific 
period of time (Junge 1975, p. 55). 

Standards on concentratio of particulate matter are often stated in terms of maximum 

agencies generally agree that a standard dry ft3 is defined at 1 atmosphere of pressure; 
standard temperatures are defined differently and range from 32°F to 70°F. Most 
agencies have set either .10 or .20 grain (1/7,000 lb) per standard dry f t 3  as the maximum 
limit. The correction to 12% carbon dioxide is made to keep individual plants from 
meeting standards by diluting the stack gases with clean air (Junge 1975, p. 55). 

grains per standard dry ft  5 of exhaust gas corrected to 12% carbon dioxide. Regulatory 

Some agencies have established limits on the maximum permissible size of particles 
emitted by boilers, usually at 250 microns (Council of Forest Industries, p. 114). The 
purpose of such a regulation is to prevent spreading large pieces of unburned carbon, 
which can be a soiling nuisance. Other nuisance regulations are general statements to 
the effect that no process or machine shall emit materials that are a nuisance to the 
surrounding property or community. Sulfur content of emissions is limited to prevent 
formation of SO compounds. Sulfur emissions for residue fuels are about one-tenth of 
the EPA standara for coal on an equivalent energy basis. 

Pollution-control devices for residue furnaces include electrostatic precipitators, 
cyclones, baghouse filters, and scrubbers. Electrostatic precipitators operate by nega- 
tively charging particles in stack gases and then collecting the particles on a plate with a 
positive charge. Shaking devices dislodge particles and the particles fall into a collection 
hopper. Because carbon has low electrical resistivity, precipitators have not proven very 
effective in wood waste fuel applications (Council of Forest Industries, p. 113). 

Cyclones are the most common particle separator. As stack gases are spun through the 
cyclone, particles collect on the walls and migrate downward to a collection hopper. 
Major factors that affect cyclone efficiency are: diameter and length of the cyclone, 
particle disengaging zones, flow rates of the stack gases, and particle characteristics 
(Junge 1975, p. 47). 

Baghouse filters are containers filled with bags made of cloth. Stack gases are filtered 
through the bags where particles are captured. These filters are expensive but very 
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Table €3-1. SUMMARY OF POLLUTION CONTROL IMPLE- 
MENTATION PLANS FOR STATES AND U.S. 
POSSESSIONS IN 1976' 

Con t r ol Regulation Number of States 

Particulate Matter Limitations 
Fuel Combustion Sources 
Incineration 
Industrial Process 
Visible Emissions 
Kraft Pulp Mills 

Sulfur Dioxide Limitations 
Fuel Combustion Sources 
Non-Ferrous Smelters 
Sulfuric Acid Plants 
Sulfite Pulp Mills 

Kraft Pulp Mil ls  
Total Reduced Sulfur Limitations 

Carbon Monoxide Limitations 
Nitrogen Oxide Limitations 

Hydrocarbon Limit at ions 
Nitric Acid Plants 

54b 
54c 
55 
55 
13 

54d 
13 
36 
5 

11 

13 

2 1  
31 

'Walters 1976. 
bAll States and Possessions except Guam. 
'All States and Possessions except Texas. 
dAll States and Possessions except Wyoming. 
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efficient. 
problems in the bags, and substantial fire hazards. 

Disadvantages include bag wear, the large structure required, condensation 

Most scrubbers commercially available are wet scrubbers which are designed t o  wash 
particles out of the gas stream. Wash water is transferred to  settling ponds or others for 
particle separation. Wet scrubbers are not subject to fire damage, but they have been 
criticized because they simply transform an air-pollution problem into a water-pollution 
problem. Dry scrubbers recirculate pea gravel through a container in which stack gases 
are passed (Reese 1976). The gravel continually flows downward until it passes out of the 
scrubber and onto a screen where particles are separated and collected. The main deter- 
rent to dry scrubbers is the higher initial capital expense relative to  other pollution- 
control equipment . 
The largest potential for improving the emissions of solid fuel furnaces may be in furnace 
design (McManama 1979). Many waste fuel furnaces in the forest industry preceded 
cheap fossil fuels and electricity. These furnaces served the double function of generat- 
ing power and disposing waste, and little attention was paid to the levels of emissions 
from these units. "Some plants that  have had wood burning boilers for a long time have 
often looked upon those wood burning boilers as incinerators. As a result they don't keep 
the equipment up the way i t  should be and they don't worry about their fuel requirements 
and steam losses" (Walters 1976, p. 14). A substantial portion of particulates could be 
used within the furnace if the retention t i m e  of gases could be increased. Most compan- 
ies conformed to  new environmental restrictions of the 1960s by adding on clean-up units 
of the types mentioned. Pretreatment of the fuels being burned could eliminate some of 
the particulate emissions problems by narrowing the range of efficient operation. In the 
opinion of several engineers, the largest barriers to the use of wood wastes in the forest 
industry are environmental restrictions. 

Regulations concerning particulate emissions make the use of crop residues in direct 
combustion applications more complicated and more expensive than fossil fuels. Crop 
residue moisture and energy content vary widely, making complete combustion difficult 
even in the best of circumstances. However, regulations on sulfur oxide emissions make 
biomass fuels an attractive blending agent. Crop residues can be blended with coal to 
reduce the average sulfur content of utility boiler fuel. Biomass fuels have many 
advantages from an environmental perspective. Sulfur is generally much more expensive 
to  remove from exhaust gases than particulates. Biomass fuels have much lower ash con- 
tent, which reduces disposal problems. Further, biomass fuels do not contribute to net 
atmospheric C02 concentrations if land harvested for biomass fuels is revegetated. 
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APPENDIX C 

DATA TABLES FOR SELECTED 
CROP REmDUE FUELS AND 
PROCESSING EQUIPMENT 
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Table C-1. ENERGY VALUES: FOR SELECTED SOLID 
AND LIQUID FUELSa 

~~ 

Mois t ure 
Content Netb  

Wet Basis Heat 
% Value 

Solid Fuels: 
Sawmill Residue 
Municipal Solid Waste 
coal 
Cord Wood 
Corn Stalks 
Straw 
Tomato Vines 

Liquid Fuels 
Diesel Fuel 
Gasoline 
Ethanol 
Methanol 

50 
40 
10 
20 
20 
12 
0 

Btujlb 
4,500 
5,000 

11,000 
6,700 
7,245 
7,500 
6,730 

Btu/gal. 
140,000 

77,000 
120,000 

57,100 

'Miles 1979 and Horsfield et al. 1977. 
bCombustion calculations use either a higher or a lower heat- 

ing value, depending on whether the heat of vaporization is 
included in the  reported value. For the  lower or net  heat of 
combustion, it is assumed tha t  all products of combustion 
remain in the gaseous state; however, for the higher or gross 
heat of combustion, the water vapor formed during the com- 
bustion is condensed to the liquid state. All comparisons in 
this study are based on the lower heating value. 
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Table C-2. PROPERTIES OF SELECTED W M E  FUELS8 

Average composition and calorific value 

Net calorific Gross calorific of combus- 
C H 0 N S Ash Moisture value, C H O N S  value, tible matter 

Average composition and calorific value of crude fuel of combustible mat ter  Volatile 
content  

Kindof fuel % % % % % % % Btu/lb % % % % %  Btu/lb % 

Woodwaste 42.1 5.0 34.8 0.5 - 2.6 15.0 6360 
(shavings, 34.6 4.2 28.7 0.4 - 2.1 30.0 5060 51.0 6.1 42.3 0.6 - 8750 70-85 

trimmings, 27.2 3.3 22.5 0.3 - 1.7 45.0 3760 
etc. 
Tan bark 16.3 1.9 13.0 0.3 0.1 2.4 66.0 1875 51.7 5.9 41.3 0.9 0.2 8700 76 
Sunflower 

stalks 48.0 5.6 39.5 0.9 0.1 1.9 4.0 6740 51.0 5.9 42.0 1.0 0.1 8740 80 
Flaxstalks 43.9 5.3 36.0 0.9 0.1 2.8 11.0 6930 51.0 6.1 41.8 1.0 0.1 8800 83 
Rice husks 35.9 4.4 30.6 0.5 0.1 18.5 10.0 5640 50.3 6.1 42.8 0.7 0.1 8600 80 
Straw 43.3 5.3 36.2 0.9 0.1 4.2 10.0 6650 50.5 6.2 42.2 1.0 0.1 8530 

aOrdinanz, William 0. "Characteristics of Unusual Waste Fuels." Power Generation. June 1949, p. 59. 



Table C-3. PROCISSING, STORAGE, AND CONVEYING COST 
ISTWATES FOR UTILITY BOILERS IN MINNESOTA' 

Item cost 

Processing 
a) Tub Grinder (220 H.P.) 
b) Blower ( 80 H.P.) 
c) 60 H.P. Tractor 

Subtotal (.I29 machine hrs/T 9 $10/hr. $1 .4fIb 

d) Labor (.0722 man hrs./T) 
e) Fuel (1.202 gal./T Diesel 3 .80/gal.) 

Ownership costs 
Storage - 90 day capacity 

.72 

.96 

.8gb 

Conveying (.0033 machine hrs/T) 
a) Ownership costs (included w/storage above) 
b) Fuel (.0016 gal./T Diesel GI .80/gal.) .01 

Tot a1 $4.06/T 
8 (16 MBtu/T and 15% M.C.W.B.) .25/MBtu 

'Starr et al. 1978. 

bOwnership costs include depreciation, fixed costs, and maintenance and 
repair. Unit-of-production depreciation was used. Fixed costs include 
interest, insurance, taxes, and machinery housing. Maintenance and 
repair costs were calculated from American Society of Agricultural 
Engineers 197 3. 
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Table C-4. CHARACTERISlPICS OF THE AMIS? IOWA, GENERATING STATIONa 

Fuel mixture of 90% Iowa Coal 9,300 Btu/lb 5.5% sulfur 
and 10% Colorado Coal 10,400 Btu/lb 0.5% sulfur 
Cost of blend: $1.5/million Btu 

Facility receives about 150 tons/day of municipal solid waste from a population of 69,000. 

Three Boilers #5 #6 #7 #8 (not yet on line) 

Spreader Stoker Spreader Stoker Pulverized Coal Pulverized Coal 
8 MWe 12 MWe 35 MWe 65 MWe 

Type 
output  

Max. Firing Rate  50% 5 0% 20% 20% 

Firing Statistics 7.6 T/hr coal only 10.0 T/hr coal only 22.9 T/hr coal 
8.7 T/hr MSW 

Ash Handling Dry Dry Sluice 
Stack Cleaning Mechanical (cyclone) Cyclone Electrostatic Electrostatic 

Sluice 

~~~~~ ~ ~~ 

8Typical output of facility is 30-40 MWe with an overall load factor of 45%. Maximum throughput of the shredder 
system is 50 T/hr. 



Table C-5. MODIFICATIONS REQUIRED TO BURN CROP RESIDUPS 
IN THE AM=, IOWA, GENERATING STATION 

~ __ 

MSW injection nozzles on all three boilers. 

1973 dollars: 4 nozzles on #7 
2 each for #5 and #6 

Extra air inlets on #5 
Total cost: $176,000 

Stoker grate for #7: $126,000 

Instrumentation of boilers, etc., was part of a 3.5 million contract for the  MSW process- 
ing plant. 

Storage bin: 600 tons storage. 

Upper part of structure (base not included) 
Con t r 01s 
Cor - 10 top 

Total Cost - $450,000 
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